Abstract: Motor imagery and actual movement engage similar neural structures, however, whether they produce similar training-related corticospinal adaptations has yet to be established. The aim of this study was to compare changes in strength and corticospinal excitability following shortterm motor imagery strength training and short-term strength training. Transcranial magnetic stimulation (TMS) was applied over the contralateral motor cortex (M1) to elicit motor-evoked potentials in the dominant biceps brachii muscle prior to and following 3-week strength training using actual bicep curls or motor imagery of bicep curls. The strength training (n ¼ 6) and motor imagery (n ¼ 6) groups underwent three supervised training sessions per week for 3 weeks. Participants completed four sets of six to eight repetitions (actual or imagined) at a training load of 80% of their one-repetition maximum. The control group (n ¼ 6) were required to maintain their current level of physical activity. Both training groups exhibited large performance gains in strength (p < 0.001; strength training 39% improvement, imagery 16% improvement), which were significantly different between groups (p ¼ 0.027). TMS revealed that the performance improvements observed in both imagery and strength training were accompanied by increases in corticospinal excitability (p < 0.001), however, these differences were not significantly different between groups (p ¼ 0.920). Our findings suggest that both strength training and motor imagery training utilised similar neural substrates within the primary M1, however, strength training resulted in greater gains in strength than motor imagery strength training. This difference in strength increases may be attributed to adaptations during strength training that are not confined to the primary M1. These findings have theoretical implications for functional equivalent views of motor imagery as well as important therapeutic implications.
Introduction
Motor imagery involves the deliberate use of imagery to mentally simulate movement (Stinear, 2010) . Whilst the benefits of motor imagery on motor performance have been well established in the sport psychology literature (Feltz & Landers, 1983; Yue & Cole, 1992; Jeannerod, 1994; Ranganathan, Siemionow et al., 2004; Morris, Spittle et al., 2005) , the evidence for neural mechanisms underpinning motor imagery is not as well established. Several lines of neuroimaging evidence demonstrate that motor imagery and voluntary movement share a number of common central neural structures, such as the corticospinal pathway, primary motor cortex (M1) and the cerebellum (Decety, Perani et al., 1994; Parsons, Fox et al., 1995; Stephan, Fink et al., 1995; Roth, Decety et al., 1996; Deiber, Ibanez et al., 1998; Lotze, Montoya et al., 1999; Porro, Cettolo et al., 2000) . Furthermore, transcranial magnetic stimulation (TMS) has been used to provide evidence for increased corticospinal excitability during imagery of a motor task (Roth, Decety et al., 1996; Kasai, Kawai et al., 1997; Kiers, Fernando et al., 1997; Pfurtscheller & Neuper, 1997; Rossi, Pasqualetti et al., 1998; Hashimoto & Rothwell, 1999; Yahagi & Kasai, 1999; Facchini, Muellbacher et al., 2002; Stinear & Byblow, 2003a; Li, Latash et al., 2004; Stinear & Byblow, 2004) . For instance, selective modulation of corticospinal excitability has been shown during imagined wrist/elbow flexion and thumb abduction movements (Fadiga, Buccino et al., 1999; Hashimoto & Rothwell, 1999; Stinear & Byblow, 2004; Stinear, Byblow et al., 2006) , demonstrating that the corticospinal pathway is selectively facilitated during motor imagery of a specific motor action. Although corticospinal excitability is increased during motor imagery, no studies have investigated the trainingrelated corticospinal responses following motor imagery training of a strength task. Short-term strength training studies have shown significant increases in maximal voluntary contraction (MVC) force as well as increases in dynamic strength as a result of adaptive modifications in the central nervous system (CNS) (Duchateau & Enoka, 2002; Goodwill, Pearce et al., 2012; Weier & Kidgell, 2012) . Proposed neural mechanisms, include increased activation of agonist muscles, reduced activation in antagonist muscles and enhanced neural drive, defined as an increase in motor output from spinal motoneurons (Semmler & Enoka, 2000; Shima, Ishida et al., 2002; Folland & Williams, 2007) . Further, increased MVC force has been demonstrated following motor imagery of an isometric strength task (Yue & Cole, 1992; Ranganathan, Siemionow et al., 2004; Mulder, de Vries et al., 2005; Zijdewind, Butler et al., 2006) . Yue and Cole (1992) found that 4 weeks of motor imagery of a strength task increased the force producing capacity of the abductor digiti minimi by 22%, concluding the likely mechanism of adaptation was confined to the corticospinal elements that are involved in planning and preparation of movement. In addition, Ranganathan, V., Siemionow, V., Liu, J., Sahgal, V., & Yue, G. (2004) demonstrated a 13.5% increase in elbow flexor torque and a significant increase in electroencephalogram-derived cortical potentials following motor imagery of a strength task.
The similarity between motor imagery and motor actions has led to hypotheses of some level of functional equivalence between motor imagery and action (Jeannerod, 1994 (Jeannerod, , 1995 (Jeannerod, , 2001 . Evidence has consistently shown that imagined actions involve the activation of similar neural structures that would be involved in actual execution (Jeannerod, 2001) , including increased activation of M1 and the corticospinal pathway. This evidence helps support a functional equivalence between motor imagery and movement execution; however, studies are yet to explore if this activation results in similar cortical changes from training using actual movement and motor imagery. Such changes would help to explain the mechanisms behind the performance improvements from motor imagery training and provide some evidence for similar functional outcomes from movement execution and motor imagery, which have yet to be established. Therefore, the aim of this study was to explore the short-term changes in corticospinal excitability and strength development following 3 weeks of motor imagery strength training. We hypothesised that strength training and motor imagery would produce significant increases in strength and corticospinal excitability of the trained elbow flexor muscles. Providing support for strength training and motor imagery strength training sharing a similar neural basis for strength development.
Methods Participants
Eighteen people with no history of neurological disease volunteered to participate in the study [8 men and 10 women, aged between and 18 and 35 years (yrs)]. Participants were randomly allocated to three different groups: strength training (one male, 23 years and five females, 24.6 AE 1.1 years), motor imagery strength training (five males, 24.5 AE 4.3 years and one female, 24 years) and control (two males, 33.0 AE 1.5 years and four females, 29.0 AE 6.2 years). All participants were righthand dominant according to the results from the Edinburgh Handedness Inventory (Oldfield, 1971) , with a mean laterality quotient of 0.85 AE 0.20. This questionnaire provided a measure of hand preference that is based on the hand used to perform a range of daily activities (e.g. writing, holding a spoon, etc.). All participants provided written informed consent to the procedures of the study, which conformed to the Declaration of Helsinki and were approved by Human Research Ethics Committee.
Experimental procedures
Participants assigned to the strength training and motor imagery strength training groups were required to undertake nine supervised training sessions over a 3-week training period. Participants assigned to the control group completed no training. Prior to commencing training (1 week), all participants completed a familiarisation session that involved strength testing, MVC performed on an isokinetic dynamometer and TMS. At the beginning and at the end of the training period, each participant was tested in a session that involved the following: (a) strength testing to evaluate maximal voluntary dynamic elbow flexor muscle strength (one-repetition maximum [1RM]) and MVC force and (b) single-pulse TMS applied over the left M1 to produce motor-evoked potentials (MEPs) in the right biceps brachii. All testing post-training was conducted within 24-36 hours of the final supervised training session.
Voluntary strength (1RM and MVC)
Maximal voluntary dynamic strength of all participants was determined by a standard unilateral 1RM test following the procedures used by Kidgell, D. J., Stokes, M., Castricum, T., & Pearce, A. J. (2010) . Each participant performed a bicep curl whilst standing, with the elbow being tested in full extension, the free arm resting behind the participant's back and the back pressed flat against a wall. Holding the dumbbell in one hand, the participant was instructed to lift the weight and flex the arm as they would during a standard bicep exercise. The initial starting weight was selected by the participant based on their estimation of bicep strength. If this trial proved successful, the weight of the dumbbell was increased for each subsequent trial until the participant could no longer perform one full repetition. The prior (successful) trial was then recorded as 1RM bicep strength. Each trial was separated by a 3-minute recovery period to minimise the effect of fatigue, with verbal encouragement provided throughout testing. The procedure was performed only for the right limb. In addition, an isometric strength test was used to determine MVC force prior to and following strength training and motor imagery training. Maximal isometric elbow flexion torque (MVC) was obtained to represent the maximal voluntary effort. Participants were strapped into an isokinetic dynamometer (Biodex System 4 Pro, Biodex Medical Systems, Shirley USA) with their right elbow positioned at 90°of elbow flexion, the strapping ensured that participants were not able to utilise muscles external to the limb to generate force. The torque was sampled at 1,000-Hz sampling frequency. Participants were required to pull against (flexion) the dynamometer handle and produce a gradual increase in torque to its maximum. Once the maximum torque was obtained, it was held for a subsequent 3 seconds. Verbal encouragement was provided, and visual feedback of the torque exerted was provided via the Biodex monitor which was located at eye level ,1.5 m away from the participant. The maximum of the three trials was recorded as the participant's MVC torque. This value was used to determine the target torque levels (10% MVC torque) to be maintained during TMS trials. Isometric torque was not used as an outcome measure, as dynamic 1RM values provide a superior functional measure of elbow flexor strength, and was specific to the training procedures (Kidgell, Stokes et al., 2010) .
Strength training protocol
Participants allocated to the strength training group completed a 3-week heavy-load strength training program for the right elbow flexors. The training sessions were performed in a supervised laboratory, three times per week for the duration of the program (nine sessions in total). Participants were required to complete flexion and extension of the elbow with a weighted dumbbell, with the forearm supinated (bicep curls). Existing evidence suggests that the magnitude of strength gain is maximised during high-intensity concentric and eccentric contractions with a training volume of four sets of six to eight repetitions (Peterson, Rhea et al., 2005) at 80% of 1RM (Kidgell, Stokes et al., 2010) , with a 3-minute recovery period between sets. Repetition timing was 3 seconds for concentric contraction and 4 seconds for eccentric contraction (Kidgell, Stokes et al., 2010) . In order to precisely control the timing of the concentric and eccentric phases, repetition timing was set via the use of an audible electronic metronome set at 1 Hz. Verbal encouragement was provided throughout training sessions. The principle of progressive overload was employed throughout the training period to maximise the training response. Specifically, when participants could complete four sets of eight repetitions, at the beginning of the next training session, the training weight (kg) was increased by 5%.
Motor imagery strength training
Participants allocated to the motor imagery strength training group followed the same protocol as the strength training group without performing any overt movement of the biceps curl exercise. This involved motor imagery of heavy-load (80% 1RM) strength training of the right elbow flexor over nine sessions, three times a week for 3 weeks. Participants were positioned with regard to posture and stance to that of the actual strength training group. All training was supervised. Participants were read a script to assist in the development of kinesthetic awareness of the load to be lifted, the feel of the dumbbell in hand, the effort that would be required to complete six to eight repetitions at a set training load, as well as the timing of the movement according to the 3-second concentric and 4-second eccentric phases that were set by the audible cadence of the electronic metronome. Principles of progressive overload were emphasised throughout the training period to maximise the training response (Peterson et al., 2005) . That is, the training load of the first set was increased by 5% after every third training session. Participants were then instructed to imagine performing the biceps curl exercise with that increased training load.
TMS and electromyography
TMS was applied over the cortical representation of the right biceps brachii muscle group, using a figure-eight coil (70-mm diameter) attached via a Magstim 2002 stimulator (Magstim Co., UK). The handle of the TMS coil was positioned over the "hot spot" and held tangential to the skull in an anterior-posterior orientation, inducing a posterior-anterior current on the cortex for activating the right biceps brachii muscle. Sites near the estimated motor area of the biceps brachii were explored and marked to determine the site in which the largest MEP could be evoked during a low-level contraction (10% MVC). The active motor threshold (AMT) was determined as the minimum stimulus intensity required to elicit an MEP in the right biceps brachii of at least 200 µV in three out of five consecutive trials during low-level voluntary elbow flexion (10% MVC). AMT was expressed relative to 100% maximum stimulator output (MSO), and the stimulus intensity was altered in 1% increments of MSO throughout this process until the appropriate threshold level was achieved. Ten TMS stimuli were delivered at 130% AMT pre-and post-training.
Surface electromyography (sEMG) activity was recorded from the right biceps brachii muscle using bipolar Ag-AgCl electrodes. These electrodes were placed on the biceps brachii muscle, with an inter-electrode distance (centre to centre) of 20 mm. The reference electrode was placed on the lateral epicondyle of the humerus to ensure no muscle activity was recorded. All cables were fastened with tape to prevent movement artefact. The area of electrode placement was shaven to remove fine hair, rubbed with an abrasive rasp to remove dead skin, and then cleaned with 70% isopropyl alcohol. The exact sites were marked with a permanent marker by tracing around the electrode, and this was maintained for the entire 3-week period by both the researcher and the participant to ensure consistency of electrode placement relative to the innervation zone. An impedance meter was used to ensure impedance did not exceed 10 kΩ prior to testing. sEMG signals were amplified (Â1,000) with bandpass filtering between 20 Hz and 1 kHz and digitized at 2 kHz for 500 ms, recorded and analysed using PowerLab 4/35 (ADInstruments, Australia).
Maximal compound waves
Direct muscle responses were obtained from the right biceps brachii muscle by supramaximal electrical stimulation (pulse width 200 µs) of the brachial plexus (Erbs point) under resting conditions (DS7A, Digitimer, UK). The placement of the electrodes was identical to the TMS protocol. The site of stimulation that produced the largest M-wave was located by positioning the bipolar electrodes in the supraclavicular fossa. An increase in current strength was applied to the brachial plexus from below the participant's threshold until there was no further increase observed in the amplitude of the sEMG response (M MAX ). To ensure maximal responses, the current was increased an additional 20%. Two M-waves were recorded at the beginning and at the end of the protocol in addition to the five stimuli randomized into the TMS protocol. The average of the nine stimuli was then used to establish and report M MAX .
Data analysis
Pre-stimulus rmsEMG activity was determined in the biceps brachii 100 ms prior to each TMS stimulus during each condition. The peak-to-peak amplitude of MEPs evoked as a result of stimulation was measured in the contralateral biceps brachii muscle contralateral to the cortex being stimulated in the period 10-50 ms after stimulation. The average of 10 single-pulse MEP amplitudes (expressed as mV) was obtained prior to and following the training intervention. All MEP amplitudes were normalised by transforming the data to Pre value prior to statistical analyses. In this regard, normalised MEP amplitudes are referred to as an nMEP. The normalisation procedure we undertook for the dependent variables of MEP amplitude and strength is favourable, as it removes possible confounds in the statistical analyses that may otherwise occur due to the inherent variability in individual baseline MEP amplitudes and strength. Thus, conducting statistical analyses on the normalised data is not biased by the data of any one participant who has a particularly low or high baseline value (Hinder, Schmidt et al., 2011) .
Statistical analyses
All data were screened for normality using Shapiro-Wilk and Kolmogorov-Smirnov tests and were found to be normally distributed. Consequently, a mixed factorial ANOVA appropriate for a 3 Â 2 design (three groups and two time points [pre-testing, post-testing]) was used to determine any significant differences between and within groups for each dependent variable (1RM strength, stimulus output required to evoke AMT, pre-stimulus rmsEMG, and MEP amplitude at 130% AMT). If the ANOVA indicated significant differences or interactions, post hoc comparisons were completed using Fisher's least significant difference test. Means and standard error (SE) were calculated for all dependent variables. The level of significance for tests was set at p < 0.05.
Results

Voluntary strength
Strength training and motor imagery training increased voluntary strength of the right biceps brachii by 39% (pre: 9.21 kg AE 1.25 kg vs. post: 12.83 AE 1.57) and 16% (pre: 13.4 kg AE 2.00 kg vs. post: 15.70 kg AE 1.70 kg), respectively. Figure 1 shows normalised changes in strength following training. Significant interaction effects for voluntary strength were observed for time by group (F 2,15 ¼ 11.91; p < 0.001). Post hoc comparisons showed a significant increase in voluntary strength in both the strength training (p < 0.001) and the motor imagery group (P = 0.028) compared with control. In addition, there was a significant increase in strength in the strength training group compared with the motor imagery group (p ¼ 0.027).
Corticospinal excitability
Mean (AESE) MSO for AMT is displayed in Table 1 . Whilst there were differences detected between groups at baseline (F 1,15 ¼ 5.87; p ¼ 0.029), there was no main effect for time (F 1,10 = 0.850; p ¼ 0.378), group (F 2,15 ¼ 0.652; p ¼ 0.535) or group by time interaction for MSO following the intervention (F 2,10 ¼ 2.67; p ¼ 0.107). MEP amplitudes at 130% of AMT in response to single-pulse TMS were used as an indication of how corticospinal excitability changes following strength and motor imagery training. Figure 2 presents MEP amplitudes normalised to baseline, measured in the right biceps brachii for control, imagery and strength training groups. Values greater than 1 represent MEP facilitation relative to the pre-test MEP (Hinder et al., 2011) . Table 1 presents the MEP amplitudes normalised to M-wave preand post-training for control, imagery and strength training groups (Weier and Kidgell, 2012) . ANOVA revealed that there was a main effect for time (F 1,87 ¼ 46.53; p < 0.001) and a group by time interaction (F 2,10 ¼ 13.50; p < 0.001) following the intervention. Post hoc comparisons showed that although corticospinal excitability increased significantly for both the strength training (p < 0.001) and the motor imagery (p < 0.001) groups compared with the control, there were no significant differences between strength training and motor imagery training (p ¼ 0.920).
Discussion
The purpose of this study was to explore the short-term changes in corticospinal excitability and voluntary Figure 1 Mean (AESE) normalised voluntary strength (1RM) in the right biceps brachii muscle pre-and post-training. The training protocol resulted in 1RM increases in the strength training group ( p < 0.001) and motor imagery group ( p < 0.05) compared with control. There was a significant increase in strength in the strength training group compared with the motor imagery group ( p < 0.05) *Denotes a within time effect. **Denotes an interaction effect. Figure 2 Mean (AESE) normalised MEP amplitude evoked in the right biceps brachii muscle pre-and post-training. There was a significant increase in nMEP amplitude for both the strength training ( p < 0.001) and the motor imagery ( p < 0.001) groups compared with the control *Denotes a within time effect. **Denotes an interaction effect.
strength following a 3-week motor imagery training intervention. Voluntary strength and corticospinal excitability increased for the strength training and motor imagery groups, but not for the control group. The increase in voluntary strength was greater for strength training than motor imagery strength training, but there were no differences in corticospinal excitability changes between strength and imagery training. This has theoretical implications for functional equivalence views of motor imagery as well as important therapeutic implications. Corticospinal excitability was facilitated following 3 weeks of motor imagery strength training, and this was similar to that occurred for strength training, suggesting that there may be overlapping central neural substrates that impact corticospinal excitability during strength training and motor imagery of a specific strength training motor action. Both motor imagery strength training and strength training increased voluntary strength performance, but changes for strength training were larger in magnitude than for motor imagery strength training. This difference may be attributed to adaptations during strength training that are not confined to the M1 that does not occur during motor imagery.
Increased voluntary strength following motor imagery strength training
A key finding of this study was that motor imagery strength training resulted in a significant increase in voluntary strength, albeit to a smaller extent to that of standard strength training. The increase in strength for motor imagery strength training is not unexpected, given that, it is well established that motor imagery can improve motor performance (Morris, Spittle et al., 2005) . The motor imagery instructions and protocol used in this study may explain this increase. The motor imagery instructions emphasised kinesthetic sensation, in line with previous research which has reported that kinesthetic motor imagery enhances motor performance significantly more than visual imagery (Fery, 2003; Ranganathan, Siemionow et al., 2004; Stinear, Byblow et al., 2006) . Aside from the kinesthetic emphasis of the motor imagery, the protocol reinforced progressive overload, controlled cadence of repetitions, training volume and intensity, posture and position of the participants and verbal encouragement, which are all standard in strength training practice and were matched with the strength training protocol used in this study for both the strength training and the motor imagery training groups. This matched protocol may further explain the strength increases associated with motor imagery seen in this study. Furthermore, MVC force did not change across both training groups, demonstrating task-specific increases in force for the trained task (Weier & Kidgell, 2012) .
The greater magnitude increase in voluntary strength for the strength training group than the imagery strength training group implies in part that other neural structures, not confined to the M1, may be involved in the development of strength. Furthermore, the changes at a muscular level for the strength training group could have had significant influences on the development of strength. For example, several strength training studies have reported increases in the maximal discharge rates of motor units (Kamen & Knight, 2004) as well as an increase in the number of motor units that discharge with brief interspike intervals (Van Cutsem, Duchateau et al., 1998) . Some strength training studies have reported increased motoneuron excitability as assessed by the H-reflex (Aagard, Simonsen et al., 2002) and volitionalwave (Fimland, Helgerrud et al., 2009) . Given that motor execution is blocked during motor imagery, it is suggested that the difference in strength seen between motor imagery and strength training is due to adaptations in motor unit behaviour and spinal cord excitability that do not occur during motor imagery (Yahagi, Shimura et al., 1996; Gandevia, Wilson et al., 1997; Hashimoto & Rothwell, 1999) . Furthermore, during voluntary movements, it is likely that the participants utilised kinesthetic feedback related to the actual length, positioning and force development in the Table 1 Mean data (AESEM) for percentage of stimulator output at M-wave (mV), stimulator output at AMT (%), MEP amplitude normalised to M-wave @130%, and MVC force, before and after 3-week motor imagery of a strength task. exercised muscles that were not present in the motor imagery group (Gandevia, Wilson et al., 1997) Several imagery studies have also reported increased corticospinal excitability without any changes in H-reflex amplitude (Yahagi, Shimura et al., 1996; Kasai, Kawai et al., 1997; Fadiga, Buccino et al., 1999; Hashimoto & Rothwell, 1999) , showing that the effects of motor imagery may be confined to supraspinal areas. However, in contrast, Bonnet et al. (1997) reported that mental simulation increased spinal excitability (Bonnet, Decety et al., 1997) . Further, Aoyama & Kaneko (2011) suggested that the effect of motor imagery on modulating H-reflex amplitude is influenced by the effort of the imagined task (Aoyama & Kaneko, 2011) . Given that spinal measures were not attained in the present experiment and that participants imagined at 80% 1RM, it is plausible that adaptations occurred at both supraspinal and spinal levels (Bonnet, Decety et al., 1997; Aoyama & Kaneko, 2011) .
Despite this difference in strength development, the increases in strength observed for both motor imagery and strength training groups are comparable to those reported in other studies. For example, the 16% increase for motor imagery is similar to the 22% increase in voluntary strength following motor imagery reported by Yue and Cole (1992) . Similar findings have also been reported for the elbow flexor muscles by Ranganathan et al. (2004) , showing a 13.5% increase following motor imagery training. Interestingly, the increases in voluntary strength for the motor imagery group are similar to previous studies where participants were engaged in strength training only (Jensen, Marstrand et al., 2005; Griffin & Cafarelli, 2007; Lee, Gandevia et al., 2009; . Although there were significant differences in strength development between the motor imagery and strength training groups, the imagery group increased in strength, which supports that there are similar functional outcomes for strength training and imagined strength training, albeit of a different magnitude.
Changes in corticospinal excitability following motor imagery
Several studies using TMS have shown increases in corticospinal excitability following short-term strength training (Beck, Taube et al., 2007; Griffin & Cafarelli, 2007; Kidgell, Stokes et al., 2010; Goodwill, Pearce et al., 2012; Weier & Kidgell, 2012) . These studies demonstrated increased MEP amplitudes in the trained muscles following strength training. Despite this, no studies have used TMS to explore the corticospinal changes following motor imagery strength training. We have demonstrated that MEP amplitudes were significantly facilitated following short-term motor imagery strength training and that these increases were comparable to those increases seen with standard strength training alone (Beck, Taube et al., 2007; Griffin & Cafarelli, 2007; Kidgell, Stokes et al., 2010; Kidgell, Stokes et al., 2011; Goodwill, Pearce et al., 2012) . The present data, in accordance with previous motor imagery observations, demonstrate that motor imagery induces changes in corticospinal excitability (Fadiga, Buccino et al., 1999; Lackner & Hummelsheim, 2003; Stinear & Byblow, 2003b; Stinear & Byblow, 2004) . Certainly, the increase in MEP amplitude following motor imagery training was consistent to the increases reported when MEPs are elicited during motor imagery of specific motor actions (Kasai, Kawai et al., 1997; Fadiga, Buccino et al., 1999; Stinear & Byblow, 2003a) . The important aspect of this study, however, was that motor imagery activated the same corticospinal elements that are involved in movement execution and can lead to shortterm changes in corticospinal excitability. Although the increases in corticospinal excitability following motor imagery training are encouraging, the modification of cortical structures following training is not always clearly associated with motor learning and behavioural improvement (Voti, Conte et al., 2011) .
The process by which motor imagery strength training specifically increased corticospinal excitability is not entirely clear, although the strategy of motor imagery used in this study may provide some explanation for the corticospinal responses that were observed. Several studies have shown that motor imagery modulates corticospinal excitability during imaged contractions of intrinsic hand muscles (Fadiga, Buccino et al., 1999; Facchini, Muellbacher et al., 2002; Stinear & Byblow, 2004) . Due to the emphasis of kinesthetic sensation during motor imagery, it has been shown that the neural circuits involved in predicting the sensory consequences of actual movement are stimulated in the absence of sensory input (Frith & Dolan, 1997; Voisin, Mercier et al., 2011) . Given the divergent excitatory cortico-cortical connections between the primary somatosensory cortex and the M1, the motor imagery training program may have produced some form of adaptation in the efficacy of existing cortico-cortical connections that have excitatory inputs onto corticospinal cells. Certainly, functional imaging studies have shown that motor cortical circuits that are involved in motor execution, such as the supplementary and premotor areas, are also active during motor imagery and are known to contribute to the larger descending volleys observed following motor imagery (Lotze, Montoya et al., 1999; Porro, Cettolo et al., 2000) . Therefore, given the divergent neural connections between premotor areas and M1, strength training and motor imagery training have resulted in a task-dependent modification in synaptic strength (He, Dum et al., 1996) .
Although several lines of evidence show that motor imagery and movement engage the same neural structures in the CNS, this study is the first to show that increases in corticospinal excitability following motor imagery are equivalent to the increases seen following strength training, supporting functional equivalence views (Jeannerod, 2001) . Our results reveal an increase in the size of the descending corticospinal volley at 130% AMT in both the motor imagery and the strength training groups. These increases suggest that both motor imagery strength training and the strength training resulted in a shift in the balance between inhibitory and excitatory inputs onto cortical and/ or spinal motoneurons. Further, the change in corticospinal excitability represents an increase in the number and size of the descending volleys generated by the cortical stimulus or from an increase in the number of corticospinal cells activated which consequently improves neural transmission along the corticospinal pathway. Overall, these changes show that the training groups experienced a change in the level of cortical and/or spinal excitability that is functionally similar. How improved efficacy of neural transmission along the corticospinal pathway modulates strength development is not clear, but the present data may have important implications for the planning and preparation of movement, which contributes to the modulating synaptic behaviour of movement representations within MI.
Given that the MEPs elicited by TMS are influenced by changes in excitability at both supraspinal and spinal levels, it is difficult to identify the locus of adaptation following motor imagery strength training. Based on the suggestion that imagery and actual movement recruit the same neural substrates within the CNS, the limitation of singlepulse TMS must be addressed. Because single-pulse TMS cannot distinguish changes at a cortical level from a spinal level, and provided that we have shown that there are no differences in corticospinal excitability between strength training and motor imagery strength training, the change in corticospinal excitability in both groups could simply reflect a change in input from other neural circuits that influence the excitability of existing corticospinal cells. Indeed, changes in presynaptic inhibition and synaptic efficacy of the spinal motoneuron pool have been shown following short-term strength training (Aagard, Simonsen et al., 2002; Del Balso & Cafarelli, 2007; Fimland, Helgerrud et al., 2009) . Since spinal cord reflexes were not quantified in this study, it cannot, therefore, be excluded that modifications in the efficacy of neural transmission across synaptic connections between corticospinal cells and spinal motoneurons may have occurred in both the strength training and the motor imagery training groups.
Whilst these findings are novel, this is only preliminary data and some limitations to this study need to be acknowledged. The sample size was somewhat small, and although the findings provide a promising line of evidence to support training-related modulation of corticospinal excitability, the potential role of intracortical pathways (assessed via pairedpulse TMS) were not obtained. Certainly, data have shown modulation of intracortical inhibitory circuits (Stinear & Byblow, 2004 ) during imagery of a motor task; however, the training-related effects of motor imagery on intracortical inhibition remain unknown. Furthermore, recent experimental data has demonstrated that there is a relationship between imagery ability and modulation of corticospinal excitability, therefore future studies should measure imagery ability (Williams, Pearce et al., 2011) .
In conclusion, we have shown that voluntary strength and corticospinal excitability are facilitated following motor imagery strength training, suggesting that the factors responsible for the increased MEPs following training were the same as those that occurred as a result of strength training alone, supporting some form of functional equivalence. We suggest that motor imagery strength training and strength training utilise the same corticospinal elements that may contribute to strength development. These findings have important practical implications for motor rehabilitation by supporting the use of motor imagery to produce functional outcomes in terms of voluntary strength and corticospinal excitability that are similar to short-term strength training.
